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I n t r o d l i c  t ton  
ID the ? z s t  f e b 7  y e a r s ,  data have been g s t h z r e d  which i n d i c a t e  t h a t  
one of t h e  major env i ronnen ta l  f a c t o r s  srhich n u s t  be considered for any 
space vc l i ic le  i s  t h a t  of r a d i a t i o n .  P.e radtetion environzent  h a s  been 
found t o  bc dn important c o n s i d e r s t l o ?  not  on ly  ?or t h o s e  v e h i c l e s  which 
c a r r y  a r e a c t o r  on board f o r  pro:suis',on o r  ?ewer b u t  f o r  all v e h i c l e s  
s i n c e  t h e y  w i l l  he excpczzc t o  t;:~ indigenocs r e d i a t i o n s  i n  space ( i . e .  
g z l s c t i c  cosm%c r a y s ,  s o l a r  proton's, g e o z c z n e t i c a l l y  trE;?ed . . x i i a t i o n ) .  
Cn board r e a c t o r  sources  ?rz:s.mc, i i - 1  g e n e r e l ,  a f i r r eG sou rce  of 
r a d i a t i o n  with t h e  i n t e n s i t y  02 t h e  l c a k g e  radiation being degendent 
upon the t i n s  p r o f i l e  of t h e  po-.:e-r 
s p a t i a l  d i s t r i b u t i o n s  remaining mort i ; ~  less cons tan t  and determined t o  
2 le- t e g r e e  by t k e  g e o x e t r y  of  t h e  ~ z r t i c u l z r  ve ' r ic le .  Cn Che other 
haEd, the v a r i o u s  components of t he  indigenous r a d i a t i o n s  a r e  known t o  
va ry  g r e s t l y  i n  s ? e c t r a l ,  angu le r ,  and s p t i a l  d i s t r i b u i l o n s  as well as 
i n  coxposi-Lon depend ing  upor; 9 o s i t i o n  2nd t i n e .  
;: :,:<th t h e  spectr-1, zxg::~~, and 
The purpose of t h i s  p a p e r  i s  to convey i n  sim?ie terms t h e  c u r r e n t  
p i c t u r e  of ihe ;----- -J.liJuL t z n t coxsoncnts ( ~ O T  space v e h i c l e  des ign )  of t h e  
7 .  indiger.o;s r s d i a t i o n  L i s l d S  i n  s p a c e ,  i nc lud ing  g z l e c t i c  c o s n i c  r a d i a -  
t i o n ,  s o l a r  cosmic rLiiation ( s o l z r  protons), m d  t h e  Seonzgnet ica l ly  
t ra?ped r a d i a t i o n  bot!-' ::cz r;:Laral o r i g i n  snd from fhe 2uly 1962 h i g h  
a l t i t u d e  n u c l e a r  d e t o n a t i o n .  
1 .  over  tbie last ciecclde o r  so i’ Lc? pc;r:icle c a z ~ c s l t i o n  of t h e  prlaery r a l -  
ation has bee3 quite i.7~11 de te rc i zed .  Also, u s i n g  the c:rtiT..ss n a z n e t i c  
?a rge ly  of energetic n u c l e i  ~kic’,-~ have been  s t r i p p e d  of t ke i r  e f e c t r o z s  
i n  t h e  carbon-nit~ogen-o;ryZen :;i--ou>, - 3.25% i n  t h e  l i t h i u r n - b e r y l l I ~  
boror, grocp,  
t h e  r a a i n d c z  02 t k c  t o t c l  f l u x .  
N 0.257, ;-..eon and h e t v i e r .  E i g h  energy e l e c t r o n s  c o n s t i .  
8 -- ,-,z _..,,.,--,... Li,Lit;ib - - of +h-. L,lL ->..--y z a r t i c l e s  extend f r o n  below 10 e l e c t r o n  
i I. 
- 7  
-, 
v o l t s  t o  as h igh  2 s  about  10 e l e c t r o n  volrs .  ~ i i  the charged componer.;s 
have Seen observed t o  e x t i b i t  ~ 7 - 0 ‘ -  .,,,rv LA 2 s p e c t r a  of t h e  sene f o r n  i n  t h e  high- 
2 
where N(> E) i s  t h e  flux i n  ~ a r t i c l e s i c r n  -sec-s ter  with energy 2 E ,  E 
is t h e  energy p e r  nucleon i n  3ev, 9 ” 2 s  . 8 constcr. t  vhich  is i n d e -  
- 
pendent of 1 ( a t o z l c  nurr,be.--; .zcs z i s  a c o n s t e n t .  
betxeen 3G0 >kv  and 3 Zev ?>..e \r.?:rious components seen ‘-Lo hav2 similar 
srJectrs: fo;-s when ex;jressecl -, : ::,:.:-s-,s of  :mgr,etic r i g i d i t y  whi le  a t  
e r .e rg izs  below 353 Xsv t h e  s p e c t r ~ l  ii0i-x i s  quea t ioneb le .  
13 t h e  energy r e g i o n  
d e c r e a s e s  and n ~ y  t e  corre1atz.d :<it5 l ~ r z z  -2gnct ic  storms. 
creases which ~ s u a l l y  cccur  a t  C i s e s  of  h i g h  s c l z r  i x t l v i t y  r z s u l t  i n  
a 259, t o  30% d e c r e a s e  i n  t h e  alrczidy reduced i n t e n s i t y .  I n  L:--h types  
of modc la t ions  it  i s  p r i n c i p a l l y  t h e  loiser energy p r t i c l e s  which are 
a f f e c t e d .  
These l e -  
S i z c e  t h e  2ririnsry cosmic p a r t i c l e s  2;:;pzrent ly  crigin;tc f o r  t h e  
cost p z r t  f rorn sources  cx' iernal to oar soizr s y s t e n  and arc  observed 
t o  bc  i s o t r o p i c  i t  i s  obvious t h a t  they s'nould b e  e q e c t e d  t o  p r e s e n t  
e s s e n t i a l l y  a c o n s t a n t  environzent  f o r  s space ve'T.2~ ie r e g a r d l e s s  of 
i t s  l o c z t i o n .  rort-n~tely, b.91,?2\7er, t h e  i n t e n s i t y  of t h e  r a d i z t i o n  i s  
so small t h a t  i t  does no t  deserve  any great C G ~ C S ~ I I  f r o n  t h e  p o i n t  of 
view of r a d i a t i o n  ciarnagc t o  c c n ~ ~ o a e n t s  o r  mzterials and per5.ap.s only 
7 :  L L n i t s d  concerx 2 s  f a r  2s  rnan i s  csr,cernea a t  leasc f o r  s h o r t  n i s s i o n s .  
-.. 
J .  
encocr.:ar throufihoui the so le r  s y s ~ e r n  is t h e  solar  cosmic rad iaLion  o r  
" so ie r  pro tons ."  These nenes cre ased t o  d s s c r i b e  t h e  l z r g e  f l u x e s  of 
Znerge t ic  p a r t i c l e s  i;.hiclI are  cbse-rved to rcach  t h c  v i c i n l t y  of t h e  
earti-. fo1 io ; j i ng  a ? o r t i o n  of t h e  inzense c c l a r  flares vhich  occur  on 
k-1 Ltie sl;rface cf the s ~ n .  
b 
V 
-7 z incre  I sho;rs t k e  t h e  0 occc:rcIice d ~ d  t'ne r e i a z i v e  xagnitccie 
of 2 9  so lay  :sy-otoi-, events d~l r i12g  t h e  y e ~ r s  1956 >-I---- ; I L ~ ~ g l i  i951 which ex- 
' n ib i tcd  a n  i.ntc?grzteed inteensity o f  giceAter t h ~ n  ?O 6 2 p r o t c  -.s/cin for 
cnercies greater than 30 Eev. m. ir,c f i g u r e  is '-.- ~,scC; on d a t a  g i v e 3  i n  0 
?.efere;lcc 1. There a r e  s e v e r s 1  observztions which nay be made from 
- 4 ; -  - .  xigiirc.  The sporad ic  natcyc of ti;e t i ae  i n t e r v a l  ketween even t s  
i s  n o t a b l e  w i t h  the "bunching" of even t s  beins t h e  r e s u l t  of s e v e r a l  
o n t b u r s t s  o r i g l i x t i n g  i n  t h e  same a c t i v e  r eg ion  on t h e  sun .  
o f  f a c t ,  t he  events S ~ G W I  r e? rc scn t  only 16 a c t i v e  r e g i o n s  wi th  90 pe rcen t  
i..s a n n t t e r  
o f  a l l  t h e  s o l a r  c o s a i c  r a y s  d u r i 2 S  L;S , .  s i x  yec r  ?erioc! havlng o r i n i n a t e d  
0 
i n  only f o u r  or' those rz2<crAs.  .'.iss G E  interest ',s t h e  r 'ect  t k a c ' n o n e  
of t h e  l z r g e s t  events o c c u r r e c  d u r i n g  t h e  yszrs o: s o l z r  maximum (1957-55) 
t u t ,  i n s t e e l ,  occc r red  o n  e i t h s r  s i d e  0 2  ,he caxirnum p a r t i c u l a r l y  on  ihe 
d e c r e a s i n g  s i d e .  
occur rences  of a c t i v e  c e n t e r s  which ?.:.vc producsd  such la rge  events.  
.J 
Kotab;? is t h e  r e l : i t i ve ly  long 2cr iod  between t h e  
S i n c e  t h e  l eng th  of t i m e  ove r  w:-.ich d e t z i i e d  G ~ S E Y V ~ ~ ~ O S S  heve been 
nsde i s  snail and t ? : ~  s t a t i s t i c s  ;re fei.7, i t  cannot be s a i d  wi th  any  de- 
grse of c e r t a i n t y  t h r t  t he  k r g e s t  events which are  i ;oss ib le  have been 
observed. 
of e v e n t s  w i t h  sun spot c y c l e s  !.J!-.S> one corisiders that  d e t a i l e d  obser-  
A l s o ,  i t  is obviousiy i x p ~ o p e z  t o  c o r r e l r t e  s i z e  o r  frequezcy 
:;cr,s :.avc h,ee;l r z d e  clc.;ng 1 . y z c :  s p e  s u p 1  cjrcle-  
shows t h e  y e a r l y  integTated i n t e n -  
tf;e t o t z l  )7S2Kly in te~1-at r .L  Lntens5ti:es of g a l a c t i c  p z r t i c l e s .  
obvious t h a t  t'ne 1arg;c ?ven t s  c o n s z i - t ~ t e  :he r a j o r  p a r t  of t h e  f l u x .  
I t  i s  
c 
4. 
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, 
derived by Fichtel, s u s s ,  ani C z i l v i e  ( Z c f .  4 )  to c n v e l o p e  t h e  !-iighest 
soiar ? r o t o n  e v e n c s  tc d z t e  cn-! i s  1- -:zd for c o a y r l s o n  w i t h  the 
7 .  
(1.e. solar cel ls) .  Unfortunately,  i n s u f f i c i e n t  d a t a  have been ob ta ined  
on t h e  energy spectrum at l o w  ene rg ie s  t o  a l l o w  an  accurate de te rmina t ion  
of t h e  e f f e c t s  on such s e n s i t i v e  items e x t e r n a l  t o  t h e  veh ic l e .  
I 
Geomapnetically Trapped Rad ia t ion  
The r a d i a t i o n  i n  space which appears t o  p r e s e n t  by f a r  t h e  most 
I 
d i f f i c u l t  probqem from t h e  r a d i a t i o n  e f f e c t s  viewpoint and i s  of t h e  
most immediate /concern is  t h a t  which is t rapped i n  t h e  magnetic f i e l d  
of t h e  e a r t h .  IIncluded are t h e  protons and e l e c t r o n s  which c o n s t i t u t e  , 
t h e  n a t u r a l  Vad Allen b e l t  a long  wi th  t h e  e l e c t r o n s  i n j e c t e d  as a re- 
s u l t  of t h e  J u l  1962 h i g h - a l t i t u d e  nuclear d e t o n a t i o n .  b 
Natu ra l  R a d i a t i o n  B e l t  - The n a t u r a l  geomagnet ical ly  t rapped r a d i -  
a t i o n  was f i r s t  d e t e c t e d  by t h e  in s t rumen ta t ion  on t h e  Explorer  I. 
Subsequently,  it h a s  been s tud ied  by t h e  u s e  o f  r a d i a t i o n  d e t e c t o r s  on 
v i r t u a l l y  a l l  t h e  succeeding satel l i tes .  
T h i s  r a d i a t i o n  c o n s i s t s  o f  charged p a r t i c l e s  ( p r o t o n s  and e l e c t r o n s )  
t r apped  a long  t h e  l i n e s  of f o r c e  i n  the e a r t h ' s  magnetic f i e l d .  
e a r l y  p i c t u r e  (Ref.  6) o f  t h e  trapped r a d i a t i o n  was as shown i n  F i g u r e  4, 
The 
where t h e  con tour  l i n e s  r e p r e s e n t  t h e  coun t ing  rates ob ta ined  w i t h  Geiger 
c o u n t e r s  flown i n  Explorer  IV and Pioneers  111 and IV.  The p i c t u r e  uas 
of two be l t s  ex tend ing  i n  doughnut f a sh ion  around t h e  e a r t h  wi th  t h e  
i n n e r  b e l t  be ing  composed of both protons and e l e c t r o n s  and t h e  o u t e r  
b e l t  l y  of e l e c t r o n s .  
u r s e  of t i m e  as a result  o f  numerous space experiments,  











t h e  t h r e e  
t h a n  30 MeV 
c o n s i d e r s  t h e  d a t a  p re sen ted  on the l e f t  f o r  p ro tons  between 0.1 Mev and 
Here, each of t h e  components i l l u s t r a t e d  ex tends  ove r  
and must be r o t a t e d  about  t h e  ver t ica l  axis t o  g i v e  
dlr iensional  p i c t u r e ,  The d a t a  on t h e  r i g h t  f o r  p ro tons  g r e a t e r  
c,nd e l e c t r o n s  g r e a t e r  than 1.6 MeV are seen t o  correspond 
5 Mev and f o r  e l e c t r o n s  g r e a t e r  than 40 Kev, it is no longer  proper  to  
speak of two d i s t i n c t  b e l t s  having d i f f e r e n t  p a r t i c l e  compositions.  
Indeed, it is appa ren t  t h a t  t h e  two b e l t  concept  came as a r e s u l t  of the 
h i g h  t h r e s h o l d  of t h e  d e t e c t o r s  used. 
The charged p a r t i c l e s  which are t rapped i n  t h e  magnetic f i e l d  s p i r a l  
a l o n g  t h e  l i n e s  of f o r c e  wi th  one of t h e  c o n s t a n t s  o f  t h e  motion.being 
r e p r e s e n t e d  by 
sin2@ - Slh'ee ~ c o n s t a n t  
H t l c l  
where 8 is t h e  a n g l e  between t h e  p a r t i c l e  v e l o c i t y  and t h e  l i n e  of f o r c e  
and H is t h e  f i e l d  s t r e n g t h  wi th  t h e  s u b s c r i p t ,  0 ,  r e f e r r i n g  t o  t h e  
e q u a t o r i a l  plane.  
f i e l d  l i n e  toward h i g h e r  lat i tudes,  it travels i n t o  a converging f i e l d  
r e s u l t i n g  I n  a n  i n c r e a s e  i n  H and, hence, an  i n c r e a s e  i n  p i t c h  ang le ,  8.  
When 8 r eaches  90 degrees  t h e  p a r t i c l e  is r e f l e c t e d ,  a g a i n  s p i r a l i n g  
abou t  t h e  l i n e  of f o r c e  u n t i l  reaching the corresponding p o i n t  i n  t h e  
o p p o s i t e  hemisphere where it is again r e f l e c t e d .  It is seen t h a t  t h e  . 
smaller t h e  p i t c h  a n g l e  in t h e  e q u a t o r i a l  p l ane ,  t h e  deeper  i n t o  t h e  
As t h e  p a r t i c l e  t r a v e l s  i n  a s p i r a l  about  t h e  magnetic . 
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I 
atmosphere w i l l  be t h e  p o i n t  of r e f l e c t i o n  (mirror p o i n t ) ,  Consequently, ~ 
t h o s e  p a r t i c l e g  having small p i t c h  a n g l e s  w i l l  b e  absorbed leaving t h e  
r a d i a t i o n  a t  a l l  p o i n t s  peaked i n  t h e  d i r e c t i o n s  pe rpend icu la r  t o  t h e  
l i n e s  o f  f o r c e  wi th  t h e  peaking more pronounced a t  high l a t i t u d e s .  
Since t h e  e a r t h ' s  magnetic f i e l d  h a s  a g r a d i e n t  across t h e  l i n e s  
o f  f o r c e  as w e l l  as a l o n g  them, there e x i s t s  a p a r t i c l e  d r i f t  i n  longi-  
tude.  This  d r i f t ,  to  t h e  east f o r  n e g a t i v e l y  charged p a r t i c l e s  and t o  
t h e  west f o r  p o s i t i v e l y  charged p a r t i c l e s ,  i s  caused by t h e  change i n  
t h e  r a d i u s  of c u r v a t u r e  o f  t h e  p a r t i c l e  motion a l o n g  a s i n g l e  r o t a t i o n .  
T h i s  being t h e  case, r e g a r d l e s s  of t h e  p o i n t  of i n j e c t i o n ,  i n  t i m e  t h e  
r a d i a t i o n  sp reads  around t h e  e a r t h .  
I 
I n  c a r r y i n g  o u t >  t h i s  motion, t h e  p a r t i c l e  w . i l l  remain a long  l i n e s  
I 
of  f o r c e  e x h i b i t i n g  f i e l d  s t r e n g t h s  corresponding to  t h o s e  a long  t h e  
o r i g i n a l  l i n e .  
1 
Since  t h e  e a r t h ' s  magnetic f i e l d  i s  not  a t r u e  d i p o l e ,  
t h e  p a r t i c l e s  w i l l  vary i n  a l t i t u d e  as they c i r c l e  t h e  e a r t h  and con- 
sequen t ly  t h e  a l t i t u d e  of t h e  bottom of t h e  r a d i a t i o n  b e l t  w i l l  be  a 
f u n c t i o n  of ~ longi tude.  This  v a r i a t i o n  which i s  o f t e n  neglected when 
determining t h e  r a d i a t i o n  t o  which a v e h i c l e  w i l l  be sub jec t ed  is  shown 
i n  F i g u r e  6 ( t a k e n  from Reference 8 ) .  
and long i tude  f o r  t h e  geomagnetic equa to r  are shown wi th  t h e  a l t i t u d e s  
o f  t h e  b e l t  bottom i n  t h e  geomagnetic e q u a t o r i a l  plane.  
a v a r i a t i o n  o f  as much as w l O 0 O K m  e x i s t s  i n  t h e  a l t i t u d e  of t h e  be l t  
bottom from one long i tude  to  another.  
cant  e r r o r  i f  n o t  considered.  
Here t h e  geograph ica l  l a t i t u d e  
It i s  seen that 
Th i s  could r e s u l t  i n  a s i g n i f i -  




































i l  
atmosphere from inc reased  h e a t i n g  during s o l a r  maximum, t h e  h e i g h t  of 
t h e  b e l t  bottom also v a r i e s  w i th  time. 
The on ly  p r a c t i c a l  way which has been developed (Ref. 9 )  f o r  con- 
s i d e r i n g  t h e  
s p a t i a l  d i s t r k b u t i o n  of t h e  r a d i a t i o n  and t h e  v e h i c l e  t r a j e c t o r y  i n  t h e  
"na tu ra l "  geomagnetic c o o r d i n a t e s ,  B and L, where B i s  t h e  magnetic 
a r i a t i o n s  i n  t h e  e a r t h ' s  f i e l d  is  to  r e p r e s e n t  both t h e  I 
I 
f i e l d  s t r e n g t h  and L d e s i g n a t e s  t h e  magnetic s h e l l  on which t h e  p a r t i c l e  
I 
t r a v e l s  as i t i d r i f t s  i n  longi tude.  Numerically, L is  equa l  t o  t h e  d i s -  
t a n c e  from t h e  e a r t h ' s  c e n t e r  ( i n  e a r t h  r a d i i )  to  t h e  s h e l l  i f  t h e  f i e l d  
1 
were a n  i d e a l  I d i p o l e .  
The two b e l t  concept does p e r s i s t  w i th  a d i f f e r e n t  d i s t i n c t i o n  be- 
tween t h e  b e l t s  t han  i n  t h e  o r i g i n a l  case. The d i s t i n c t i v e  c h a r a c t e r i s t i c  
of t h e  i n n e r  b e l t  i s  i t s  s t a b i l i t y  with t i m e  whereas t h e  o u t e r  b e l t  under- 
goes o r d e r s  o f  magnitude changes i n  i n t e n s i t y  w i t h i n  times of t h e  o r d e r  
o f  days o r  even hours.  An L value of about  2 seems t o  form t h e  d i v i d i n g  , 
p o i n t  between t h e  b e l t s .  
The e n e r g i e s  o f  t h e  t rapped p ro tons  extend to  hundreds o f  MeV. 
Measurements have been made of t h e  s p e c t r a  of t h e  p e n e t r a t i n g  p ro tons  
i n  t h e  i n n e r  zone. Freden and White (Ref.  10) found t h e  p ro ton  spectrum 
between 75 Mev and 700 Mev a t  a l t i t u d e s  of -1000 to  1200 Km and L : 1.4 
t o  be of t h e  form 
where K i s  a n s t a n t  and E t h e  proton energy. This expres s ion  h a s  P 
11. 
is 
w i t h  
nex t  sect ion. 
A goodly 
t h e  o u t e r  b e l t  
s p e c t r a l  shape a,; 
The shape of t h e  Freden and White spectrum i s  compared i n  F i n u r e  7 
w i t h  t h e  i n t e g r a t e d  spectrum from t h e  Ba i l ey  " t y p i c a l "  flare. 
noted t h a t  t h e  t rapped p ro tons  e x h i b i t  a much ha rde r  spectrum than  t h o s e  
r e s u l t i n g  from s o l a r  flares, thus ,  p re sen t ing  a much more formidable  prob- 
l e m  where s h i e l d i n g  is r equ i r ed .  
It is 
Very l i t t l e  is known about  t h e  energy spectrum of e l e c t r o n s  i n  t h e  
r e g i o n  o f  t h e  i n n e r  be l t  (L < 2 ) .  Several  measurements have been made a t  
nunber of measurements have been made of t h e  speetrum of 
e l e c t r o n s .  However, it is  impossible  t o  speak of any one 
t h e  spectrum because o f  t h e  l a r g e  temporal v a r i a t i o n s  
low a l t i t u d e s  b u t  t h e  agreement is not good. This  s i t u a t i o n  i s  not  ex- 
pected t o  improv soon s i n c e  t h e  n a t u r a l  r a d i a t i o n  i s  now masked by t h e  
12 * 
I 
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which are encountered. One s p e c t r a l  shape ob ta ined  by O'Brien e t  a1 
I (Ref. 13) i s  compared i n  t h e  next  s e c t i o n  (F ig .  10) w i t h  t h a t  of t h e  
a r t i f i c i a l  be l t  of e l e c t r o n s .  
I 
The n a t u r a l l y  o c c u r r i n g  t r apped  e l e c t r o n s  are, f o r  t h e  most p a r t ,  i /  
l o w  enough i n  energy so t h a t  t hey  are r e a d i l y  stopped wi th  on ly  t h e  re- 
s u l t i n g  bremsstrahlung r a d i a t i o n  p resen t ing  a r a d i a t i o n  hazard i n t e r n a l  
t o  t h e  veh ic l e .  The p ro tons ,  however, e x h i b i t  a r e l a t i v e l y  f l a t  spec- 
1, 
trum and can  p r e s e n t  a problem i n t e r n a l  as w e l l  as e x t e r n a l  to  a space 
v e h i c l e .  A s  i s  t h e  c a s e  f o r  s o l a r  protons,  t h e  low energy spectrum i s  
no t  w e l l  enough known t o  a l low a n  a c c u r a t e  p r e d i c t i o n  of t h e  e f f e c t s  on 
s e n s i t i v e  components such as s o l a r  c e l l s  e x t e r n a l  t o  a veh ic l e .  
/ . .  
A r t i f i c i a l  Rad ia t ion  B e l t  - On J u l y  9 ,  1962 a n u c l e a r  d e v i c e  w a s  
de tona ted  a t  h i g h  a l t i t u d e  ove r  Johnson I s l a n d  i n  t h e  P a c i f i c .  
exp los ion  (code named S t a r f i s h )  produced a b e l t  of e l e c t r o n s  which, 
T h i s  
I 
i 
t i  t r apped  i n  t h e  'same manner as t h e  p a r t i c l e s  i n  t h e  n a t u r a l  b e l t ,  en- 
c i r c  l ed  t h e  e a r t h .  
1 
The s p a t i a l  d i s t r i b u t i o n  of t h e s e  p a r t i c l e s  a t  a t i m e  about  one 
week a f t e r  t h e  exp los ion  w a s  according t o  Hess (Ref.  15) as shown i n  
F i g u r e  8 .  
t h o s e  f o r  t h e  h igh  energy n a t u r a l l y  occur r ing  p ro tons  f o r  comparison. 
Here t h e  con tour s  o f  t h e  a r t i f i c i a l  bel t  are shown a long  wi th  
The peak f l u x e s  are seen t o  be higher  t han  those  f o r  t h e  n a t u r a l  e l e c t r o n  
be l t s  (See 
It is 
a r t i f i c i a l  
i Fig.  5 ) .  r 
I 
noted from F i g u r e  8 t h a t  t h e  h i g h  i n t e n s i t y  r e g i o n s  of t h e  . j. 





















of t h e  n a t u r a l  b e l t s ,  r e s u l t i n g  i n  8 hazard t o  v e h i c l e s  which were de- 
signed t o  f l y  i n  o r b i t s  which were f r e e  of s i g n i f i c a n t  r a d i a t i o n  problems, 
Th i s  hazard i s  i l l u s t r a t e d  i n  Figure! 9 which shows t h e  f l u x  contours  at 
a zl~iithfe 05 W Ion ((SeZ, E?* Zere  w e  see subsrantfa1 €Tuxes of 
p a r t i c l e s  a t  a n  i s l t i t u d e  which p rev ious  t o  t h e  S t a r f i s h  exp los ion  w a s  
e s s e n t i a l l y  f r e e  of s i g n i f i c a n t  r a d i a t i o n  hazards .  The high f l u x e s  a t  
t h i s  a l t i t u d e  are a r e su l t  o f  the South A t l a n t i c  anomaly i n  t h e  e a r t h ' s  
magnetic f i e l d .  
\ 
The spectrum of t h e  e l e c t r o n s  gene ra t ed  by t h e  bomb should be essen-  
t i a l l y  t h a t  o f  e l e c t r o n s  from t h e  f i s s i o n  of ?35e This spectrum h a s  
been determined (Ref. 16) t o  be given by 
for E between 1 and 7 MeV. F igu re  10 is  a comparison of t h i s  spectrum 
w i t h  t h a t  measured i n  t h e  o u t e r  n a t u r a l  e l e c t r o n  bel t  by O'Brien e t  a1 
( R e f .  13). The relative i n t e n s i t i e s  i n  t h e  p l o t  have no meaning. It 
, 
J 
i s  seen t h a t  t h e  e l e c t r o n s  i n  t h e  a r t i f i c i a l  bel t  are, on t h e  whole, 
much more e n e r g e t i c  ranging t o  as h igh  as 6 o r  7 Mev and, hence, more 
p e n e t r a t i n g .  
The r e s u l t s  of c a l c u l a t i o n s ,  by t h e  a u t h o r ,  o f  t h e  dose due t o  
p e n e t r a t i n g  e l e c t r o n s  and bremsstrahlung behind aluminum s h i e l d s  for 
2 
a n  i n c i d e n t  f i s s i o n  e l e c t r o n  spectrum normalized to  one e l ec t ron /cm 
i n c i d e n t  are shown i n  F igu re  11. It i s  seen t h a t  t h e  p e n e t r a t i n g  elec- 
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less t h a n  3 1/21 gm/cm wi th  t h e  major r a d i a t i o n  hazard being from brem- 
s s t r a h l u n g  f o r , g r e a t e r  t h i cknesses .  It  i s  a l s o  seen t h a t  most of t h e  
bremsstrahlung is produced in t h e  f i r s t  1 gm/cm2. Roughly 10 gm/cm of 
lead are requ i r ed  t o  reduce t h e  bremsstrahlung dose by a f a c t o r  of e. 
1 2 
Estimates of t h e  f l u x e s  of e l e c t r o n s  and p ro tons  t o  be encountered 
i n c l i n a t i o n  as a f u n c t i o n  
0 
by v e h i c l e s  t r a v e r s i n g  c i r c u l a r  o r b i t s  a t  30 
of a l t i t u d e  were made (Ref. 17) us ing  a B, L coord ina te  code and i n t e -  
g r a t i n g  ove r  t h e  t r a j e c t o r y .  These d a t a  based on t h e  i n t e n s i t i e s  one 
week a f t e r  S t a r f i s h  are shown i n  F ipu re  12.  Using t h e s e  d a t a  a l o n g '  
w i th  t h o s e  shown i n  F igu re  11, one f i n d s  t h a t  s i g n i f i c a n t  i n t e g r a t e d  
l e v e l s  can be ob ta ined  i n t e r n a l  as w e l l  as e x t e r n a l  t o  a v e h i c l e  ove r  a 
long d u r a t i o n  mission such as might be t h e  case f o r  a space s t a t i o n .  
The a r t i f i c i a l  b e l t  has ,  of cour se ,  decreased i n  i n t e n s i t y  s i n c e  t h e  
d a t a  shown i n  F igu re  12 were obtained.  
The above d i s c u s s i o n  h a s  been based on t h e  a r t i f i c i a l  b e l t  i n t e n s i t i e s  
one week a f t e r  $ t a r f i s h .  
today and today'ls p i c t u r e  w i l l  no t  p r e v a i l  i n  subsequent y e a r s .  
s i d e r a b l e  amount1 of decay h a s  taken place i n  some r e g i o n s  of t h e  b e l t  




and not  so much 1 i n  o t h e r s .  I n d i c a t i o n s  are t h a t  t h e  b e l t  might be in-  
s i g n i f i c a n t  by the time t h e  next  solar maximum i s  reached. . 
1 
V e h i c l e  Mission L nvironment 
I 
The precedibg s e c t i o n s  have discussed t h e  environment e x t e r n a l  t o  
_- 
t h e  space  v e h i c l e .  The r a d i a t i o n  environment i n t e r n a l  t o  t h e  v e h i c l e  is 
also of i n t e r e s t .  
15. 
- - - _--- 
Figure 12. Trapped Radiation Fluxes Encountered i n  S a t e l l i t e  Orbits 
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I The i n t e r n a l  r a d i a t i o n  environment depends upon both t h e  p e n e t r a t i n g  
_ -  
/ 
c a p a b i l i t y  of t h e  r a d i a t i o n  and t h e  v e h i c l e  mission,  Most f u t u r e  missions 
may be c a t e g o r i z e d ,  i n  a broad sense,  i n t o  groups based on t h e  n a t u r e  of 
t h e  r a d i a t i o n  environment which w i l l  be encountered. I n  t h i s  s e c t i o n  
s e v e r a 1 , s u c h  c a t e g o r i e s  are considered,  i n  a q u i t e  g e n e r a l  manner, t o  
e s t a b l i s h  t h e  r e l a t i v e  magnitude of t h e  r a d i a t i o n  levels from t h e  v a r i o u s  
sou rces  as a f u n c t i o n  of s h i e l d i n g  th i ckness .  The curves which are pre-  
sented should be considered on ly  as spproximations to  t h e  levels and 
should not  be taken as d e f i n i t i v e .  The a r t i f i c i a l  e l e c t r o n  b e l t  i s  no t  
included.  
I n t e r p l a n e t a r y  Missions -. The r a d i a t i o n  environment f o r  i n t e r -  
p l a n e t a r y  missions w i l l  depend t o  a l a r g e  e x t e n t  upon t h e  manner-in which 
t h e  missions are c a r r i e d  ou t .  Consequently, t h e s e  types  of missions are 
d i v i d e d  i n t o  two c a t e g o r i e s  f o r  c o n s i d e r a t i o n  of t h e  r a d i a t i o n  problem. 
The f i r s t  ca t egory  involves  t h o s e  missions which are c h a r a c t e r i z e d  by 
h i g h  t h r u s t ,  r a p i d  t r a v e r s a l  of t h e  Van Allen r a d i a t i o n  be l t .  The second 
c a t e g o r y ,  on t h e  o t h e r  hand, i s  r e p r e s e n t a t i v e  of missions accomplished 
wi th  l o w  t h r u s t  v e h i c l e s ,  such as those u t i l i z i n g  e l e c t r i c  p ropu l s ion ,  
which s p i r a l  slowly through t h e  region of t rapped r a d i a t i o n .  Curves of 
r a d i a t i o n  i n t e n s i t y  as a f u n c t i o n  of s h i e l d  t h i c k n e s s  f o r  each component 
are shown f o r  t h e s e  c a t e g o r i e s  i n  Figure 13. The i n t e n s i t i e s  are g iven  
i n  r a d s  a t  t h e  s u r f a c e  o f  a low 2 mate r i a l .  
It is  seen t h a t  t h e  r a d i a t i o n  problems encountered i n  t h e s e  two 































proton o r  g a l a c t i f  cosmic r ay  environments bu t  from t h e  d i f f e r e n c e  i n  
exposure t i m e  i n  che Van Allen b e l t .  
Another source of r a d i a t i o n  which may be a f a c t o r  i n  i n t e r p l a n e t a r y  
missions b u t  h a s  no t  been included i n  t h e  above c o n s i d e r a t i o n s  i s  t h e  
e x i s t e n c e  of r a d i a t i o n  b e l t s  surirourrclin~ o t h e r  p l a n e t s .  
O r b i t a l  Missions - The n a t u r e  of t h e  r a d i a t i o n  problem f o r  o r b i t a l  i 
miss ions  i n  t h e  r eg ion  occupied by t h e  n a t u r a l  t rapped r a d i a t i o n  b e l t  i s  
i n d i c a t e d  i n  F igu re  14. Here, t h e  missions may be d iv ided  i n t o  two 
I g e n e r a l  c a t e g o r i e s  (1) t hose  u t i l i z i n g  e q u a t o r i a l  o r b i t s  and ( 2 )  t hose  
c a l l i n g  f o r  p o l a r  o r b i t s .  
y e a r  per iod.  
The curves i n  F igu re  14 are based on a one 
Con t rac t ing  o r  expanding t h i s  pe r iod  would on ly  change t h e  
- 
a b s o l u t e  magnitude of t h e  components. The shaded a r e a s i n d i c a t e d  f o r  t h e  
Van Allen b e l t  r a d i a t i o n  are r e p r e s e n t a t i v e  of t h e  v a r i a t i o n  of i n t e n s i t y  
I 
over  a l t i t u d e s  from -900 t o  -7500 Km. 
The Van Allen b e l t  i s  seen t o  p re sen t  t h e  major problem f o r  t h e s e  
missions.  The ch ie f  d i f f e r e n c e  i n  t h e  r a d i a t i o n  environment f o r  t h e  
p o l a r  o r b i t  as opposed t o  t h e  e q u a t o r i a l  o r b i t  i s  t h e  disappearance of 
t h e  s o l a r  proton r a d i a t i o n  i n  t h e  latter case. This, of cour se ,  i s  due 
I t o  t h e  s h i e l d i n g  a f f o r d e d  by t h e  e a r t h ' s  magnetic f i e l d ,  a s - i s  t h e  v a r i -  
a t i o n  no"Ld f o r  t h e  g a l a c t i c  cosmic r a d i a t i o n .  
N a t u r a l l y ,  a l l  o r b i t a l  o p e r a t i o n s  need n o t  be i n ' t h e  r e g i o n s  between 













It i s  obvious t h a t  r e g a r d l e s s  of i t s  mission any s p a c e c r a f t  w i l l  be 
sub jec t ed  t o  a r a d i a t i o n  environment. Since t h e  geomagnetically t rapped 
r a d i a t i o n  i s  confined t o  a r e l a t i v e l y  small r e g i o n  of space which can be 
r a p i d l y  t r a v e r s e d  by h i g h - t h r u s t  v e h i c l e s ,  i t  p r e s e n t s  t h e  p r i n c i p a l  
r a d i a t i o n  problem on ly  f o r  v e h i c l e s  o r b i t i n g  i n  t h a t  r e g i o n  6r f o r  low- 
t h r u s t  v e h i c l e s  s p i r a l l i n g  out  through t h e  r eg ion .  However, t h e  r a d i a t i o n  
environment p re sen ted  t o  such v e h i c l e s  i s  t h e  most severe t h a t  w i l l  be 
encountered as a r e s u l t  o f . t h e  indigenous r a d i a t i o n .  
The s o l a r  cosmic r a d i a t i o n  which i s  t h e  dominating r a d i a t i o n  environ- 
ment f o r  deep space v e h i c l e s  which t r a v e r s e  t h e  t r apped  r a d i a t i o n  b e l t s  
r a p i d l y  is  s t i l l  n o t  completely def ined o r  understood. The s h o r t  per iod 
o f  t i m e  over  which t h e s e  even t s  have been observed does no t  a l low complete 
confidence i n  s ta t i s t ica l  t reatment  of t h e  problem which must be used or 
i n  t h e  maximum p o s s i b l e  s i z e  of f u t u r e  e v e n t s ,  The d e f i n i t i o n  of t h i s  
environment as w e l l  as t h a t  of t h e  geomagnetically t rapped r a d i a t i o n  
w i l l  d o u b t l e s s l y  undergo s e v e r a l  more p e r t u r b a t i o n s  b e f o r e  f i n a l  under- 
s t a n d i n g  is achieved.  
The g a l a c t i c  cosmic r a d i a t i o n  i s  t h e  most w e l l  de f ined  of t h e  
n a t u r a l  r a d i a t i o n  components b u t ,  as would be t h e  case, p r e s e n t s  l i t t l e  
o r  no problem from t h e  r a d i a t i o n  e f f e c t s  p o i n t  of view. 
18. 
. 
The a r t i f i c i a l  e l e c t r o n  b e l t  which r e s u l t e d  from t h e  J u l y  1962 
h i g h - a l t i t u d e  nuc lear  de tona t ion  has  from t h e  t i m e  of  formation u n t i l  
now presented  a seve re  r a d i a t i o n  environment i n  a n  area which previous ly  
was p r a c t i c a l l y  f r e e  of a l l  r a d i a t i o n .  Decay of t h e  b e l t ,  however, i s  
t a k i n g  p l ace  c o n t i n u a l l y  so t h a t  i t s  presence w i l l  become less and less 
important .  
I n  gene ra l ,  it can  b e  s a i d  t h a t  the  major r a d i a t i o n  e f f e c t s  problems 
from t h e  indigenous r a d i a t i o n s  i n  space w i l l  be wi th  item’s on o r  near  t h e  
s u r f a c e  of veh ic l e s .  Unfor tuna te ly ,  i n s u f f i c i e n t  d a t a  have been ga thered  
on the low energy s p e c t r a  of the var ious  components t o  make a n  accurate 




I. Mali tson,  H.H. ,  and Webber, W.R., "A Summary of S o l a r  Cosmic Ray 
Events", S o l a r  Pro ton  Manual, e d i t e d  by Frank B. PlcDonald, Goddard 
Space F l i g h t  Center  Report  X-611-62-122 (Revised January 25, 1963) 
2 .  Webber, W.R., "Time V a r i a t i o n s  o f  Low Energy Cosmic Rays During t h e  
Recent S o l a r  Cycle", P ropres s  & Elementary P a r t i c l e  and Cosmic Ray 
Phys ic s ,  e d i t e d  by J . G .  Wilson and S.A. Wouthuysen, Amsterdam; North 
Holland Publ .  Co. ,  Vol. 6, 1962 
3 .  Bai ley ,  D.K., "Time V a r i a t i o n s  o f  t h e  Energy Spectrum of So la r  Cosmic 
Rays i n  R e l a t i o n  t o  t h e  Radia t ion  Hazard i n  Space", Jou rna l  of Geo- 
p h y s i c a l  Research,  67, pp. 391-396 (1962) 
4 .  F i c h t e l ,  C.E., GUSS, D.E., and O g i l v i e ,  K.W., "Details of I n d i v i d u a l  
So la r  P a r t i c l e  Events", So la r  Pro ton  Manual, e d i t e d  by Frank B. 
McDonald, Goddard Space F l i g h t  Cen te r  Report  X-611-62- 122 (Revised 
January 25, 1963) 
! 
5 .  NcCracken, Kenneth G . ,  "Anisotropies  i n  Cosmic Rad ia t ion  of S o l a r  
Origin",  S o l a r  Pro ton  Planual, e d i t e d  by Frank B. McDonald, .Goddard 
Space F l i g h t  Cen te r  Report  X-611-62-122 (Revised January 2 5 ,  1963) 
6. Van Allen,  J . A . ,  and Frank, L.A.,  "Radiat ion Measurements t o  
658,300 Ki lometers  w i th  Pioneer  IV", Nature 184, 219-224 (1959) 
7.  Van Al len ,  J . A . ,  "Brief Note on t h e  Rad ia t ion  Belts of t h e  Earth",  
Proceedings of t h e  Symposium on t h e  P r o t e c t i o n  AEainst Rad ia t ion  
Hazards i n  Space, Gat l inburg ,  Tennessee, Nov. 5-7, 1962, US AEC 
TID-7 652 
8. Al len ,  R.I., Dessler, A . J . ,  Perk ins ,  J .F. ,  and P r i c e ,  H.C., "Shie ld .  
Problems i n  Manned Space Vehicles",  Lockheed Nuclear Products  Report  
No. 104 (1960) 
9.  McIlwain, C a r l  E., "Coordinates f o r  Mapping t h e  D i s t r i b u t i o n  of 
Magnet ica l ly  Trapped P a r t i c l e s "  J o u r n a l  &-Geophysical Research 66 
3681-3692 (1961) 
10. Freden,  S.C., and IJhite,  R.S . ,  "Protons i n  t h e  E a r t h ' s  Magnetic 
F ie ld" ,  P h y s i c a l  Review L e t t e r s  3, 9-11 (1959) 
11. Naugle, J .E . ,  and Kniffen,  D.A., "Flux and Energy Spec t ro  of t h e  
P ro tons  i n  t h e  Inne r  Van Allen B e l t " ,  P h y s i c a l  Review Letters, 7, 




























13. O'Brien, E.J., Van Al len ,  J . A . ,  Laughl in ,  C .D. ,  and Frank, L.A., 
"Absolute E l e c t r o n  I n t e n s i t i e s  i n  t h e  Heart of t h e  Earth's Outer  
Radia t ion  Zone" J o u r n a l  of Geophysical Research 67, pp 397-403 (1962) 
14. Keller, J . W . ,  She l ton ,  R.D., P o t t e r ,  R.A. ,  and Lacy, L., "A Study 
of t h e  E f f e c t  of Geomagnetically Trapped Rad ia t ion  on Unprotected 
S o l a r  Cells", Proceeding of t h e  IRE 50, pp 2320-2327 (1962) 
15. Hess, W . N . ,  "The A r t i f i c i a l  Radia t ion  B e l t  Made on J u l y  9 ,  1962'' 
J o u r n a l  o f  Geophysical  Research 58, pp 667-683 (1963) 
16. Carter, R.E., Re ines ,  F. ,  Wagner, J.J., and Wyman, M.E., "Free 
An t ineu t r ino  Absorpt ion Cross  Sec t ion ,  2 ,  Expected Cross  Sec t ion  
From Measurements of F i s s i o n  Fragment E l e c t r o n  Spectrum", P h y s i c a l  
Review, 3, 280-286 (1959) 
17. Hess, W.N. ( p r i v a t e  communication) 
